ABSTRACT Background: Diet is a key component of a healthy lifestyle in the prevention of type 2 diabetes mellitus (T2DM). The role of longchain omega-3 (n-3) fatty acids (LCFAs) in the development of T2DM remains unresolved. Objective: We examined the association between dietary LCFAs and incidence of T2DM in 3 prospective cohorts of women and men. Design: We followed 195,204 US adults (152,700 women and 42,504 men) without preexisting chronic disease at baseline for 14 to 18 y. Fish and LCFA intakes were assessed at baseline and updated at 4-y intervals by using a validated food-frequency questionnaire. Results: During nearly 3 million person-years of follow-up, 9380 new cases of T2DM were documented. After adjustment for other dietary and lifestyle risk factors, LCFA intake was positively related to incidence of T2DM. The pooled multivariate relative risks in 3 cohorts across increasing quintiles of LCFAs were as follows: 1 (reference), 1.00 (95% CI: 0.91, 1.09), 1.05 (95% CI: 0.97, 1.13), 1.17 (95% CI: 1.07, 1.28), and 1.24 (95% CI: 1.09, 1.40) (P for trend , 0.001). Compared with those who consumed fish less than once per month, the relative risk of T2DM was 1.22 (95% CI: 1.08, 1.39) for women who consumed 5 servings fish/wk (P for trend ,0.001). Conclusions: We found no evidence that higher consumption of LCFAs and fish reduces the risk of T2DM. Instead, higher intakes may modestly increase the incidence of this disease. Given the beneficial effects of LCFA intake on many cardiovascular disease risk factors, the clinical relevance of this relation and its possible mechanisms require further investigation. 2009;90:613-20. 
INTRODUCTION
Diet and lifestyle factors are central to the prevention of type 2 diabetes mellitus (T2DM). Previous studies have suggested that the consumption of specific dietary fats, particularly low omega-6 polyunsaturated fatty acids and high trans unsaturated fatty acids, increases the risk of T2DM, but the role of omega-3 fats remains unclear (1) . Omega-3 fats (also known as n23 fatty acids), particularly long-chain omega-3 fats from seafood sources, alter the expression of peroxisome proliferator-activator receptor genes, which are involved in signaling nutrition status (2) , and of the production of inflammatory cytokines, which are associated with T2DM (3). These findings suggest that omega-3 fatty acids could lower the risk of T2DM (4) .
In epidemiologic studies, intake of long-chain omega-3 fatty acids was associated with better glucose tolerance in some studies (5-7) but not in others (8, 9) . Some intervention studies have found that omega-3 intake resulted in an increase in glycated hemoglobin (Hb A 1C ) (10, 11) and in fasting blood glucose (range: 2225 mg/dL) (8, 11) . Epidemiologic studies of the relation of long-chain fatty acid intake with T2DM have reported conflicting results (12) (13) (14) (15) (16) . Furthermore, because studies have suggested that environmental contaminants such as dioxins (17) , found in fish, might raise the risk of T2DM, the risks and benefits of fish intake remain controversial (18) .
The aim of this study was to evaluate the relation between intake of omega-3 fatty acids and fish and the risk of T2DM in 3 large cohorts of women and men: the Nurses' Health Study (NHS), the Nurses' Health Study 2 (NHS2), and the Health Professionals Follow-Up Study (HPFS). Because inconsistent results from previous studies could be related to background differences in intake of a-linolenic acid (ALA), an omega-3 fatty acid from plant sources, we also investigated the interplay between long-chain omega-3 fatty acids and ALA in relation to T2DM risk.
SUBJECTS AND METHODS

Study population
We evaluated 3 separate large cohort studies. The NHS was established in 1976 with 121,700 female registered nurses aged 30-55 y at baseline; the NHS2 in 1989 with 116,609 female registered US nurses aged 26-46 y at baseline; and the HPFS in 1986 with 51,529 male US health care professionals aged 39-78 y at baseline. Follow-up questionnaires have been sent to all participants every 2 y to update information and identify newly diagnosed major illnesses. The vital status of nonrespondents was assessed on the basis of information from the National Death Index, next of kin, or the US postal system. For this analysis, the follow-up period started in 1986 for NHS and HPFS and in 1991 for NHS2. We excluded participants if they had a history of T2DM, cancer, or cardiovascular disease at baseline or if they did not complete the baseline food-frequency questionnaire (FFQ), left .70 items blank, or had implausible reported total energy intakes (,600 kcal/d or .3500 kcal/d for women; ,800 kcal/d and .4200 kcal/d for men). After exclusions, a total of 195,204 participants (61,031 in NHS, 91,669 in NHS2, and 42,504 in HPFS) were included in the present analysis.
Assessment of fish intake
We assessed diet using a detailed validated semiquantitative FFQ that included '120 items and was administered at 4-y intervals during the follow-up period (19) . The questionnaire included 4 questions about seafood (with common units or portion sizes for each food): 1) dark-meat fish such as mackerel, salmon, sardines, bluefish, or swordfish (3-5 oz, 84-140 g); 2) canned tuna (3-4 oz, 84-112 g); 3) other fish (3-5 oz, 84-140 g); and 4) shrimp, lobster, or scallops as a main dish (3.5 oz, 98 g). For each item, each participant was asked how often, on average, he or she had consumed a given quantity during the previous year. Nine responses were possible, ranging from "almost never" to "6 or more per day." The calculation of long-chain n23 fatty acids was described in detail elsewhere (20) . The average daily intake of other nutrients was calculated by multiplying the frequency of consumption of each item by its nutrient content per serving and totaling the nutrient intake for all food items. Fish intake was assessed by totaling the participant's response on 3 finfish items. To assess long-term dietary intake and to minimize misclassification, we calculated cumulative average intake such that the nutrient and fish intake in a given period was the average intake of previous and current periods (21) .
The reproducibility and validity of the dietary questionnaires were assessed by comparing the data from the questionnaire with the data from two 1-wk dietary records, collected '6-8 mo apart (20, 22) . The mean total fish intake was 3.7 servings/wk according to the questionnaire and 3.6 servings/wk according to two 1-wk dietary records [Spearman correlation coefficient (r) = 0.61, P , 0.001]. The correlations between 2 administrations of the FFQ 1 y apart were 0.54 for canned tuna, 0.63 for dark-meat fish, 0.48 for other fish, and 0.67 for shrimp, lobster, or scallops as a main dish. The calculated intake of the long-chain omega-3 fatty acid eicosapentaenoic acid (EPA) from the FFQ was also correlated with the fatty acid composition of adipose tissue (r = 0.47, P , 0.001) (23) .
Nutrient intakes were adjusted for total energy intake by the residual approach (19) . Intake of long-chain omega-3 fatty acids was primarily from fish (87% of the total intake) and secondarily from chicken (7%) and liver (2%), which is similar to sources in the US food supply data (24) . Use of fish-oil supplements was assessed in 1988 (HPFS), 1990 (NHS), and 1991 (NHS2) and was infrequent in these cohorts, representing ,2% of total cumulative person years. Estimated dietary EPA and docosahexaenoic acid (DHA) intakes included contributions from supplements.
Outcomes
Participants who reported having received a new diagnosis of T2DM in the biennial follow-up questionnaire were mailed a supplementary questionnaire regarding symptoms, diagnostic tests, and hypoglycemic therapy. Cases of T2DM were validated according to original National Diabetes Data Group criteria (25) by at least one of the following: classic symptoms plus a plasma glucose concentration of 140 mg/dL (7.8 mmol/L) in the fasting state or a randomly measured plasma glucose concentration of 200 mg/dL (11.1 mmol/L); in the absence of symptoms, 2 elevated plasma glucose concentrations on different occasions (140 mg/dL fasting or 200 mg/dL randomly measured, 200 mg/dL 2 h after an oral glucose challenge); or treatment with hypoglycemic medication (insulin or an oral hypoglycemic agent). The diagnostic criteria for T2DM changed in June 1996 such that the lower diagnostic cutoff for fasting glucose concentration (126 mg/dL) was considered the threshold for a diagnosis of T2DM (25) . In a sample of NHS and HPFS participants, 98% and 97% of the self-reported T2DM cases documented by the supplementary questionnaire were confirmed by medical record review, respectively (26, 27) .
Data analysis
We computed person-months of follow-up for each participant from baseline to the date of T2DM diagnosis, death from any cause, or the end of follow-up (June 2005 for NHS2, June 2004 for NHS, and January 2004 for HPFS). We divided the participants into 5 categories according to frequency of fish consumption (,1 time/mo, 1-3 times/mo, 1 time/wk, 2-4 times/wk, and 5 times/wk), quintiles, and 10 categories of omega-3 fatty acid intake by using predefined cutoffs across studies (by a 0.05-g/d increment) and omega-3 supplement intake. To test for a linear trend across categories of intake, the category medians were modeled as a continuous variable. Because diet could change because of a recent diagnosis of chronic disease, we stopped updating diet after development of cancer and heart disease. We also performed a sensitivity analysis using a 2-y lag between exposure and incidence of T2DM for each period, such that the long-chain omega-3 intake in 1986 was used to predict the risk of T2DM in 1988-1990 and so on.
The basic model for our analysis was the Cox proportional hazards model (SAS 2004; SAS Institute Inc, Cary, NC). We used the Anderson-Gill data structure, in which a new data record was created for each biennial questionnaire cycle in which the participant was at risk with covariates set to represent the value from the latest returned questionnaire to handle time-varying covariates efficiently (28) . We adjusted for age and calendar time in all our models.
We checked for the heterogeneity of study results using the Cochran Q test (29) and pooled the results from NHS, NHS2, and HPFS using the logarithm of the relative risks (RRs) and corresponding SEs of each category using random-effects models that incorporate both a within-study and an additive between-study component of variance (30) . We tested for interactions by calculating the cross-product of medians of quintiles of ALA and long-chain omega-3 fats as a continuous term for each cohort and pooling the coefficients to obtain a single degree of freedom (Wald test) for the quantitative interaction. Statistical significance was defined as a , 0.05. All analyses were performed by using SAS 9.1. The Institutional Review Board of Brigham and Women's Hospital approved the study.
RESULTS
During 2,954,078 person-years of follow-up among the 195,204 participants in 3 cohorts, we documented 9380 cases of T2DM (4159 in NHS, 2728 in NHS2, and 2493 in HPFS). At baseline, the participants with a higher long-chain omega-3 fatty acid consumption were more physically active, less likely to smoke, had higher consumption of alcohol, and lower consumption of trans fatty acids ( Table 1) .
In age-adjusted models, consumption of long-chain omega-3 fatty acids was not associated with risk of T2DM in NHS2 and HPFS and was weakly positively associated with risk of T2DM in NHS ( Table 2) . After adjustment for other lifestyle and dietary risk factors such as cereal fiber and glycemic index, a higher intake of omega-3 fatty acids was associated with increased risk of T2DM in all cohorts. In the final adjusted model, which included BMI in addition to diet and lifestyle variables (Table 2) , the pooled RRs across increasing quintiles of long-chain omega-3 fatty acids were 1.00 (95% CI: 0.91, 1.09), 1.05 (95% CI: 0.97, 1.13), 1.17 (95% CI: 1.07, 1.28), and 1.24 (95% CI: 1.09, 1.40) (P for trend , 0.001). Omega-3 supplement use was not related to risk of T2DM (RR: 1.02; 95% CI: 0.93, 1.13). These results did not change when we excluded long-chain omega-3 fatty acids from supplements from total dietary long-chain omega-3 intake; when we adjusted for waist circumference, the ratio of polyunsaturated fat to saturated fat, processed meat and carbonated soft drink intakes in multivariate models; or when we used a 2-y lag period. We performed an analysis stratifying the study population by blood pressure (high compared with normal) and blood cholesterol (high compared with normal), and the results were similar to the original results.
In a pooled analysis ( Table 3 , Figure 1 ), the multivariate RR of T2DM in the highest of 10 categories of cumulative longchain omega-3 intake (.0.4 g/d) was 1.18 (95% CI: 1.02, 1.33) as compared with the lowest intake (0 g/d). The RR for each 0.3-g increment in intake of long-chain omega-3 intake was 1.11 (95% CI: 1.05, 1.16) in the NHS, 1.11 (95% CI: 1.06, 1.16) in the NHS2, and 1.08 (95% CI: 1.03, 1.13) in the HPFS. Overall, there was a dose-response relation between omega-3 intake and T2DM risk, although the highest risk was found in the eighth category and the risk was slightly reduced in the ninth and tenth category (Figure 1 ). The pooled RR for each 0.3-g increment in intake of long-chain omega-3 was 1.09 (95% CI: 1.06, 1.12). The relation of cumulative fish intake and T2DM in men and women was similar to that for marine omega-3 intake ( Table 4 We examined the joint consumption of long-chain omega-3 intake (EPA and DHA) and ALA by creating 25 categorical variables using quintiles of long-chain omega-3 and of ALA intakes ( Table 5) . A higher intake of long-chain omega-3 intake was associated with a higher risk of T2DM at all ALA intakes (P for interaction = 0.68). The relation of long-chain omega-3 intake with T2DM did not differ by intake of omega-6 fatty acids, cereal fiber, or physical activity (data not shown).
DISCUSSION
In this large prospective study of women and men, fish consumption was not associated with a decreased risk of T2DM. Instead, we observed a modest but significant positive relation between fish and omega-3 fatty acid consumption and incidence of T2DM after adjustment for established risk factors of T2DM (eg, physical activity and smoking) and dietary predictors of T2DM (eg, fiber, glycemic index, and trans and saturated fats). This relation did not change when we adjusted for BMI and waist circumference in the same model. Few epidemiologic studies have examined the association between long-chain omega-3 fatty acid intake and risk of T2DM. In the Iowa Women's Study, the RR of T2DM was 1.11 (95% CI: 0.94, 1.30; P for trend = 0.14) in the highest compared with the lowest quintile of long-chain omega-3 intake (14). In the Atherosclerosis Risk in Communities Study, the phospholipid concentration of EPA and DHA was not significantly related to risk of T2DM (15) . Another study, which used dietary records but also combined incident cases of impaired fasting glucose with T2DM, did not detect a significant relation (31). Limited power and the inability to control for important dietary risk factors such as cereal fiber could explain the lack of relation observed in studies that used biomarkers (15, 32, 33) and studies that collected dietary information using FFQ (32) . Other possible reasons for differences between prior studies and our present results include our use of repeated measures of diet and lifestyle, longer follow-up, more detailed assessment of long-chain omega-3 intake (13), and better adjustment for confounders (16) .
Observational studies and randomized controlled trials have consistently shown a benefit of fish consumption on risk of coronary heart disease (CHD) in healthy individuals, individuals with established CHD, or diabetic subjects (34, 35) . However, the studies on long-chain omega-3 fatty acid consumption and markers of glucose metabolism are inconclusive. In several observational studies, intake of fish and omega-3 fatty acids was associated with better glucose tolerance (36) (37) (38) . Other studies have found no effect (8, 39) or a slight deterioration (10, 40, 41) . Several randomized controlled trials have evaluated the relation of omega-3 supplementation to glucose homeostasis. In a metaanalysis of 17 randomized controlled trials, the effects of omega-3 fatty acids were heterogeneous, inconsistent, and ranged from 229 to 25 mg/dL for fasting blood glucose and from 20.4% to 1.0% for Hb A 1C (42) . In the same review and in recent studies (9, 38) , the effects of omega-3 fatty acids on fasting insulin concentrations were also found to be heterogeneous. In a metaanalysis of randomized trials restricted to individuals with T2DM, the pooled effect of omega-3 fatty acid supplementation was to increase fasting blood glucose by 5.87 mg/dL (95% CI: 20.15, 11.88) and increase Hb A 1c by 0.21% (95% CI: 20.01, 0.44) (43) .
It is unclear whether such increases in glucose concentrations are associated with changes in insulin resistance. In randomized controlled trials among patients with diabetes, omega-3 fatty acids did not affect glucose-stimulated plasma insulin responses during a hyperglycemic clamp (44) or fasting insulin (45) . Additionally, omega-3 fatty acids are well-known to decrease triglyceride concentrations and increase HDL cholesterol concentrations (42) . A protective effect of long-chain omega-3 fatty acids on insulin resistance and T2DM has been suggested based on their effects on peroxisome proliferators-activated transcription factor, inflammatory gene expression pathways (46) , and inflammatory markers (3). Omega-3 fatty acids may contribute to higher glucose concentrations through other mechanisms. Long-chain omega-3 can lower glucose utilization and increase glucagon-stimulated C-peptide (47) or could increase hepatic gluconeogenesis (10) by increasing uptake and oxidation of free fatty acids in liver (48) and lowering triacylglycerols (49) . Thus, omega-3 fatty acid and fish consumption may increase the diagnosis of T2DM by increasing circulating concentrations of glucose, but without causing other adverse metabolic abnormalities (insulin resistance, high triglycerides, and low HDL cholesterol). Recent studies have also reported that toxins such as dioxins and methyl mercury may interrupt insulin signaling pathways (17, 50, 51) . This suggests that our findings for omega-3 fatty acids could be related to confounding by other factors in fish, but evidence to support this hypothesis is limited and requires further investigation.
The strengths of our study included the large number of cases arising from '3 million person-years of follow-up that provided sufficient power to evaluate the association with T2DM over a wide range of dietary intakes of omega-3 fatty acids. The detailed, standardized and updated information on diet, physical activity, and BMI in 3 cohorts allowed us to minimize errors in measurement of long-chain omega-3 fatty acids and control for potential confounding factors in a great detail. The prospective design precludes recall bias, and the high rate of followup minimizes selection bias. Nonetheless, we cannot exclude measurement error due to self-reported diet, but this would lead to a lack of association rather than a modest positive association that was observed in our study. In addition, we could not assess the role of environmental contaminants found in some fish. Residual or unmeasured confounding remains a potential problem in our analyses, but fish intake is typically associated with a healthier diet and lifestyle and confounding by these factors ; physical activity (quintiles; metabolic equivalent tasks/d); family history of diabetes mellitus; BMI (10 categories); intakes of saturated fat, trans fat, linolenic acid, linoleic acid, caffeine, and cereal fiber; glycemic index (all quintiles); and calories (quintiles). In the Nurses' Health Study, multivariate models were also adjusted for menopausal status and postmenopausal hormone use. In the Nurses' Health Study 2, multivariate models were also adjusted for use of hormone replacement therapy (ever or never) and oral contraceptive use (never, past, or current). would lead to an inverse association between fish and long-chain omega-3 fatty acid consumption and T2DM instead of a positive association. Higher rates of screening and surveillance among participants who have a healthier lifestyle associated with higher fish intake could also explain the observed positive relation. In addition, it is possible that people increase the consumption of fish after diagnosis of hypercholesterolemia or hypertension. However, our results did not change materially when we considered only "symptomatic" T2DM cases or restricted the analysis to participants without hypercholesterolemia or hypertension. Finally, because all of our participants are health professionals, the results of our study may not be generalizable to other populations. Given that we found similar associations across 3 independent cohorts, there is no reason to believe that the effects of omega-3 fatty acid intake on T2DM risk would differ substantially among different populations.
In summary, this prospective analysis does not support the hypothesis that long-term dietary intake of long-chain omega 3 fatty acids decreases the risk of T2DM. In contrast, higher fish and long-chain omega-3 fatty acid consumption appears to be associated with a modestly but significantly higher incidence of T2DM. Given the beneficial effects of fish and omega-3 fatty acids on multiple risk factors associated with diabetes, including triglycerides, HDL cholesterol, blood pressure, and inflammation, and on CHD, the major sequelae of diabetes, the clinical relevance of this relation and its possible mechanisms require further investigation.
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